A number of civil engineering structures in a large area Kobe-Hanshin and Awaji in southwest Kinki, southwest Japan, were seriously damaged by the 1995 Hyogoken-Nambu earthquake. Geological studies were made to reveal both geological and geotechnical characteristics in and around the Osaka sedimentary basin. A geological map of the Osaka Plain and the surrounding area was compiled for the geotechnical engineering use.
INTRODUCTION
The 1995 Hyogoken-Nambu earthquake with the Japan Meteorological Agency, JMA, magnitude of 7.2 struck the Kobe-Hanshin area and Awaji Island, and seriously damaged a great number of civil engineering structures and other facilities. Geological factors, in general, control much structural damage, resulted from subsoil behavior during an earthquake. As a significant feature of the distribution characteristics of the damage, it can be pointed out that the most seriously damaged structures were concentrated in soft ground such as fill areas, especially reclaimed fills and/ or near an active fault zone (Nakagawa et al. , 1995a) . Figure 1 represents the distribution of active faults, seismic intensity of JMA scale seven, locations of soil liquefaction and seriously affected zones in and around the Osaka area.
Highly urban zones in the Kobe and Hanshin areas, for which the subsurface profile is characterized by the soft ground formed in the younger structural basin commonly seen in most large cities in Japan, were hit directly and destroyed totally by the earthquake. A number of civil engineering structures were especially damaged by soil liquefaction and lateral displacement at the fill ponds, valleys and river channels as well as in man-made lands along the coastal zone (Mitamura et al., 1995) . In addition, severe structural damage due to strong ground motion was observed in the narrow zone along known active faults such as the Nojima Fault, Yokooyama Fault, Ashiya Fault, Koyo Fault, Arima-Takatsuki Tectonic Line etc. and their extensions or along unknown buried faults (e.g., Seo, 1995; Hirano and Hada, 1995 and so on). There are some geological or geotechnical publications describing those areas which comprise the damaged area (e.g., Kasama and Kishimoto, 1974 In the Kansai Area, the Research Committee on the Application and Technology for Under-ground Space which selected Professor Kenzo Toki of Kyoto University as its chairman was established. Many types of geological and geotechnical information have been collected and a comprehensive data base of the subsurface geological information for the Kansai Area has been prepared (Kansai Br. of JSSMFE et al., 1992, Kansai Br. of Japanese Society of Soil Givil Engineerings JSCE, 1993). The committee completed its original purpose in 1993. The administration of the data base has been taken over by a new committee, Geo-Database Information Committee in Kansai (GeoDICK) which selected Mr. Tomomitu Fujii of Kinki regional construction Bureau, Japanese Ministry of Construction as the chairman and Professor Toshihisa Adachi of Kyoto University as the head of the geotechnical research section which has been investigating some geological/ geotechnical characteristics of the Kansai subsurface profile related to the disasters. Such subsurface information is a basic input required for careful land-use planning of an urban area.
In addition, the Committee on Earthquake Observation and Research in the Kansai Area (CEORKA) which selected Prof. K. Toki as its chairman has also been organized by many members of public corporations, local government bodies, universities and so on. Many valuable data for the present earthquake were obtained by means of the wide network measuring system established with the aim of studying the so-called real time seismology (Toki et al., 1995; Irikura et al., 1995; etc.). Many information facts mentioned above can be utilized to evaluate important factors that influence earthquake hazard in highly urban areas in Japan. In the present study, the geologic structure of the Osaka sedimentary basin was investigated based or geotechnical considerations.
GEOLOGICAL SETTING
General Geology Under the Large Cities in Japan Most of the cities in Japan have suffered from large earthquakes along the inland active faults or the tectonic plate boundary.
Even when the magnitude is not so great, an earthquake occurring immediately under a city may result in very serious damage. Many geological surveys and geophysical explorations are required to reveal the geology, distribution of buried active faults and dy- Not only some cities of Japan but also those of the other countries on the island arc or on the lowland set up at orogenic belt which can be represented by the Circum Pacific Rim are situated on such subsoils which have very similar geological setting. These areas have experienced large earthquakes associated with thrusting, strike-slip or normal faulting on the tectonic plate boundary, and large earthquakes along the active faults in the inland region as illustrated in Fig. 2 .
Widespread distribution of alluvial deposits in inland areas is thought to result from Quaternary crustal movement as well as the recent worldwide sea level change. The tectonic movements have resulted in the formation of sedimentary basins at many locations on the Japanese island arc since the Neogene period. Accordingly, the sedimentary cover including alluvial beds has been subjected to deformation by basement movements. In other words, the Pleistocene overlain by thick Holocene deposits has accumulated in the sedimentary basin which has been formed as a result of neo-tectonic movement and has been divided into smaller blocks by active faults. The Holocene deposits consist mainly of the sediments deposited during sea level rise, which corresponds to the event called the Frandrian transgression, 7000 to 4000 years ago.
The large alluvial plains associated with the thick alluvium have generally been formed in the tectonic sedimentary basin which has existed in a regional neo-tectonic belt since Pliocene or Pleistocene time. Accordingly, the subsurface materials in many of the Japanese big cities have the same or similar geological and geotechnical characteristics. The Holocene alluvial deposits are partially composed of very soft material with a high water content, which are susceptible to a large decrease in bulk volume and also easily subjected to heavy damage from an earthquake. Serious seismic damage problems may be associated with these deposits because of their low shear strength and high compressibility.
From the view point of earthquake engineering, geo-technically important factors include geomorphological features, subsurface geological structure, configuration of basement rock existing at depth, distribution of active faults, sensitive soil, loose sand, fill, surface groundwater and so on.
As a loose saturated sandy layer existing near the ground surface is susceptible to liquefaction and a compressive clayey layer is susceptible to land subsidence by overburden pressure, appropriate measurements of ground water level play a very important role in evaluating the seismic stability of the subsoil profile. Eventually, the Holocene alluvial plains underlying the major Japanese cities have involved both seismically more active fields and seismically weaker passive fields as shown in Fig. 3 . Huzita (1962) to be a triangle composed of three vertices, the northern one corresponding to Tsuruga Bay, facing the Sea of Japan, the southwestern one to Awaji Island and the southeastern one to Ise Bay, facing the Pacific Ocean. The Kinki Triangle block is tectonically located between the Southwest Japan block, affected by the subducting slab of the Philippine Sea Plate and the Central-Northeast Japan block affected by the subducting slab of the Pacific Plate. Accordingly, this triangular region is forced to deform in a very complex manner as is shown in Fig. 4 . The Kinki Triangle is also characterized as one of the most highly dense zones of active faults within the Japanese Islands and consists of some subsiding, uplifting or tilting blocks bounded by numerous active faults, which run mainly in the NE-SW, N-S, and ENE-WSW directions (Huzita et al., 1973) .
The present crustal stress conditions in this region are of the uniform stress field with E-W trending compression stress axis, which has been determined from the focal solution of many micro-earthquakes or the technique of stress release by means of over-coring of the basement rocks. The tectonic stress in the field like this region may therefore produce the strike-slip faults in the NE-SW direction, reverse faults or thrust in the N-S direction and normal faults in the E-W and so on.
The Osaka Basin topographically is a typical sedimentary basin, in which an alluvial plain facing Osaka Bay on the west is widely developed, and the edge is bounded by uplifting mountain ranges, which are Mts. Rokko, Hokusetsu, Ikoma, Kongo, Izumi-Katsuragi and Awaji Island. Their boundaries correspond to one of the three fault types mentioned above. In the lowland area a thick soil deposit has been accumulated since late Tertiary time covers the basement rocks which are composed of some granitic rocks or pre-Tertiary formations. These baserocks are widely exposed in the surrounding mountainous regions. The geological map of this area is shown in Fig. 5 These geological structures and morphological features have resulted mainly from the latest Cenozoic crustal movements, which have a strong relationship to the process of the present Hanshin Awaji Great earthquake disaster. The basement rocks consist of mainly the Ryoke granitic rocks and partially of Paleozoic, Mesozoic and Miocene sedimentary rocks and some volcanic rocks. The sedimentary cover overlying the basement rock consist of the Osaka Group, the upper Pleistocene and Holocene alluvial deposits. The Osaka Group is divided into three sub-groups, which are the lower, middle and upper sub-groups. The stratigraphic features and Ethology are shown in Table 1 . The geologic column (OD-1) at the type locality of Osaka Group is shown in Fig. 6 . The borehole location is south of the Yodo River and near the coast of Osaka Bay in Osaka City (Fig. 6) . The bottom of the borehole with 900 m in depth did not reach the basement rock. The OD-2 drill hole 650 m deep at the Uemachi uplift, which is thought to have been lifting up since middle Pleistocene, did reach the basement.
Data on the depth to the buried basement rocks have been revealed by means of geophysical exploration and drilling of a hot spring (Nakagawa, 1990; Itihara, 1991) .
Some buried active faults under the alluvial plain have been identified by seismic reflection technique in Osaka Bay (Iwasaki et al. 1994) 
Seismic Wave Velocities in the Osaka Sedimentary Basin
Recently several types of geophysical exploration have been performed in the Osaka Plain by measuring gravity, reflected or refracted seismic wave, ground microtremor, magneto-telluric surreys, etc. The Bouguer gravity anomaly in the Osaka Plain will be described in the next section.
Some seismic reflection explorations were performed in the northern part across the Uemachi Fault, which runs under the center of Osaka City with approximate strike of N-S direction (Yamamoto et al. , 1992; Nakagawa et al., 1993). A mass dropping method was applied to generate the P-wave, and a large power S-vibrator was also used to generate the S-wave. The following results were obtained. The throw of the fault is about 700 meters. The depth of the basement on the west side of the fault is about 1500 meters, which coincides with the result of drilling for a hot spring. The velocity of P-wave Cross-section of the underground structure across the Kinki Area, Southwest Japan changes from 1500 m/ sec near the ground surface to 2400 m/ sec near the bottom of the sedimentary cover. The velocity of S-wave changes from 300 to 1000 m/ sec with depth. Figure 7 shows the depth profile of the Swave reflection. The P-wave profile was interpreted as shown in Fig. 8 . Letters A, B and C in the figure correspond of the upper Pleistocene, the upper and middle sub-groups, and the lower sub-group of the Osaka group respectively. Figure  9 shows the relationship between wave velocity and the depth. Unfortunately, it is very difficult to perform the S-wave exploration to a large depth because a high powered S-wave generator is very expensive at the present time. Accordingly, some estimate regarding the distribution of S-wave velocity insitu is required. To that end, we can utilize the P-wave velocities obtained from the velocity analysis of P-wave reflective exploration, which can be performed relatively easily. Figure 10 represents the relationship between the P-wave velocity and S-wave velocity which were collected from the results of different measurements such as the seismic reflection methods mentioned above, inversion methods from dispersion of Rayleigh wave induced by microtremor (Horike, 1985; Aoki et al., 1990 ) and P-S logging (Iwasaki, 1988 ) using the suspension technique (Kitsunezaki, 1980) . The solid straight line and broken curved line in Fig. 10 are regression lines calculated from the plot by means of least square method as follows;
where 17, and V, are shear wave velocity and compressional wave velocity represented in km/ sec, respectively.
BASEMENT STRUCTURE OF THE OSAKA SEDIMENTARY BASIN One significant feature of the Hanshin-Awaji great earthquake disaster as mentioned above is that most of the damage to structures was concentrated in soft subsoil such as fill deposits, especially reclaimed fills and/ or near an active fault zone. Considering the zonal distribution characteristics of structural damage and ground failure due to this earthquake, the extensive collection of additional information about the underground structure is necessary to alleviate the problem.
The Bouguer anomaly in and around the Osaka area has been compiled by Nakagawa et al. (1991) . In addition, gravity around the Kobe and Hanshin areas was measured after the earthquake occurred. The gravity data at 4800 points was used to analyze the underground structure in the Osaka sedimentary basin, which is mainly comprised of Mesozoic granitic basement and post Miocene sedimentary layers covering the basement. Figure 11 shows the Bouguer anomaly in and around the Osaka Plain. In this gravity analysis the data collected and published by Professor Ryuuiti Shichi of Nagoya Univ. (Shichi and Yamamoto, 1994) is partially included.
Basement configuration plays an important role in the concentration, dispersion and transmission of seismic rays. Figure 12 shows the relationship between the depth of basement and observed gravity anomaly. Accordingly, the basement structure of the Osaka sedimentary basin was estimated from the Bouguer anomaly. In general, regional gravity effects should be removed from the measured gravity values to know the relationship between the Bouguer anomaly and the depth of basements, it is possible to directly interpolate the depth of basement from the Bouguer anomaly by deducting the regional effect.
In order to find the regional gravity effect in Osaka and the Hanshin area, the following relationship is assumed: and southwards, respectively, while Z is the depth of the 5ement rocks.
The constants from A to L were determined by the least square method using the data (X, Y, Z, GB) at 22 points where the depth of the basement rocks were known or the basement rocks were outcropped. Values of constants are given in Table 2 . The residual Bouguer anomaly (after the regional gravity effect has been removed from the observed anomaly using eq. (1)) shows a linear relationship with the depth of basement rocks as shown in Fig. 13 . Eventually, the following relationship between the depth of basement Z and the corrected Bouguer anomaly GB was obtained: Fig. 16 . The damage seems to be very Therefore referring to the deformation of the upper part of sedimentary layers, interfaces are simply approximated using an error function erf (ii) as follows:
where Table  3 gives values of P and S wave velocity in layers and parameters defining functions for three interface.
Ray Tracing in a Model Composed of Homogeneous Layers with Curved Interfaces
It is sufficient to consider the effect of refraction at the interface in the present model since a seismic ray goes straight within a layer of a constant velocity and changes its direction at the interface. Let ni be a unit vector parallel to the ray within the j-th layer. When a ray is transmitted from the j-th layer of velocity v./ into the (j + 1)-th layer of velocity vj+1 through an interface, according to Cerveny et al. (1977) 's formulation, the relation between a vector nj for the incident wave and ni+i for the transmitted wave is expressed by where Mj= vi+i/ vj, /Vj is a unit vector normal to the j-th interface and directed toward the (j + 1)-th layer, and 
(1) arriving within a horizontal range from 0 m to 4000 m. As Q and L give the same values in the area where interfaces are parallel to each other on both sides of the fault zone, the amplitude of each ray is normalized by that of the ray through horizontal layers in both sides of the fault zone. Figure 18 (c) gives the normalized amplitude for each individual ray at the surface on a log scale. It should be noted that we discuss here only the effect of focusing of seismic rays but we do not consider the amplification due to the multiple-reflection in the calculation of the amplitude. It is expected based on Fig. 18(c) that the amplitude increases by over one order of magnitude at the very narrow focusing location just west of the fault zone and decreases by about one tenth in a wide zone above the fault zone. The above calculation however seems to overestimate ground motions when we consider an assumption of the ray theory that the wave length is considerably smaller than any characteristic quantity of length dimension such as radius of curvature of the interface and thickness of the layer. Because the wave length, say ten meters long even for 10 Hz wave, is not negligible in the present model, we should consider that contrast of the amplitude is not so extremely large as Fig. 18(c) shows. Further as shown in Fig. 18(a 
likely that the cross-sectional areas of ray tubes become zero for some rays arriving at the focus spot, that is, the caustics are generated. An extremely high peak of amplitude shown in Fig. 19 reflects the caustic. As assumptions of the ray theory break down around the caustic, the extremely high amplitude due to caustics should not be into represent the real ground motion.
order to simulate ground motions exactly, the frequency-dependent wave fields within an inhomogeneous media must be investigated by the perturbation method and/ or the finite difference /finite element methods to solve equations of dynamic elasticity (see Aki and Richards, 1980) . Our approximated procedure based on a simple ray theory however suggests the possibility that focusing of a seismic ray generates the narrow zone of intense ground motions in the vicinity of the abrupt change in depth of substrata around the fault zone and ground motions become relatively weak in the uplifted block. This explains observations that damage of buildings and houses are extensive in several narrow zones along the Uemachi Fault and Butsunenjiyama Fault but weak in the areas east of the faults. As is shown in the figure, seismic rays incident from the east also tend to focus in the subsided block. It is expected therefore that the strong focusing occurs within a narrow trough filled with soft sediments. Some examples of the displaced basement block with faulting are demonstrated in Fig. 19 . In case of graben structure, the fault scarps of both sides are especially nearly vertical, very intensive concentration of the upward seismic rays inner zone of the trough. A similar graben structure is seen in the zone along Arima-Takatsuki Tectonic Line (Sangawa, 1978; Kawasaki et al., 1994) . The trend of the fault system is ENE-WSW and seems to be a normal fault essentially from the regional tectonic stress field. This suggests the possibility that focusing of seismic ray due to depression of the basement formed by fault movements explains extensive damage observed in the narrow zone along the Itami and Nobata Faults shown in Fig. 16 and also severe damage zone represented by intensity VII (JMA scale) in Takarazuka City and damage zone in Kawanishi City along the Arima-Takatsuki Tectonic Line. In addition, regarding the severest structural damage zone with intensity of VII in the Kobe-Hanshin area as shown in Fig. 1 , as this strip zone corresponds to the most concentrated zone of the isobath lines of the basement rocks (see Fig. 14) , the focusing effect mentioned above the damages at this area can be made.
CONCLUSIONS
As a result of the geological investigation and geophysical consideration of the Osaka sedimentary basin and surrounding area regarding the Hanshin-Awaji great earthquake disaster the following conclusions can be drawn.
The geological map and sections for geotechnical engineering use of the Osaka sedimentary basin and surrounding area were drawn by compiling the previous studies and new information after the earthquake occurred.
The seismological section across the Uemachi Fault was described based on the results of reflective seismic exploration and drilling for either a geologic survey or hot spring. A relationship between shear and compressional wave velocities in the Osaka basin is generalized from the data of the velocity analysis of seismic reflection wave, the inversion of Rayleigh wave dispersion indicated by microtremor. The equation is expressed as where V, and V, are shear and compressional wave velocities in km/ sec, respectively. The Bouguer anomaly map for this area was drawn by compiling previous studies and results of additional measurement in the Kobe-Hanshin area. The regional effects were evaluated by comparison with actual depth of the basement at 22 and removed from the Bouguer anomaly to interpolate the depth over the area. Consequently, the isobath map and relief image diagram of the basement were pictured.
The focusing effects of seismic rays due to horizontally heterogeneous structure were examined by using the ray theory and a model as the underground structure of the Uemachi Fault. The results indicate the concentration of seismic rays at western part near the fault and explains the actual higher damaged zone along the Uemachi-But- sunenjiyama Fault. In addition, the underground structure showing depression of seaward basement block at the heavy damaged zone with intensity VII in Kobe-Hanshin area is suggested to be one of the important causes of serious structural damage.
